A detailed study of the structural disorder in wedge semiconductor microcavities ͑MC's͒ is presented. We demonstrate that images of the coherent emission from the MC surface can be used for a careful characterization of both intrinsic and extrinsic optical properties of semiconductor MC's. The polariton broadening can be measured directly, avoiding the well-known problem of inhomogeneous broadening due to the MC wedge. A statistical analysis of the spatial line shape of the images of the MC surface shows the presence of static disorder associated with dielectric fluctuations in the Bragg reflector. Moreover, the presence of local fluctuations of the effective cavity length can be detected with subnanometer resolution. The analysis of the resonant Rayleigh scattering ͑RRS͒ gives additional information on the origin of the disorder. We find that the RRS is dominated by the scattering of the photonic component of the MC polariton by disorder in the Bragg reflector. Also the RRS is strongly enhanced along the ͓110͔ and ͓11 0͔ directions. This peculiar scattering pattern is attributed to misfit dislocations induced by the large thickness of the mismatched AlGaAs alloy in the Bragg mirrors.
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I. INTRODUCTION
Structural disorder is an unavoidable feature of any semiconductor crystal. Besides lattice imperfections, residual doping, impurity contamination, etc., which are also present in bulk systems, semiconductor heterostructures exhibit potential fluctuations at the interfaces ͑usually referred to as interface roughness͒ arising from local variations of the layer thickness or alloy composition. Interface roughness plays indeed a very important role in the physics of quantum wells ͑QW's͒ from both applicative and fundamental points of view.
1 Disorder leads to a relaxation of the in-plane translational invariance ͑the in-plane wave vector of the exciton is no longer a good quantum number͒ and, as a general rule, the coherent effects tend to be washed out by disorder. In particular, disorder plays a crucial role in the case of a QW embedded in a resonant optical cavity, denoted as a semiconductor microcavity ͑MC͒, where the coherent exciton polariton is the basic physical picture. Many theoretical 2-4 and experimental [5] [6] [7] [8] [9] [10] [11] [12] studies have addressed the consequences of disorder on MC coherent emission either in the spectral or temporal domain. In particular the resonant Rayleigh scattering ͑RRS͒, which arises directly from disorder, has recently received increasing attention. 3,4,6 -11 In fact, the coupling between two-dimensional exciton and photon modes in a MC gives rise to several unique features on the RRS. For instance, an annular RRS emission has been recently reported. 3,4,8 -10 In this paper we report a detailed experimental study of static disorder in a wedged semiconductor MC after optical cw excitation. Both spatially resolved imaging ͑SRI͒ of the coherent emission from the MC surface and far-field ͑FF͒ angular distribution of the resonant emission are analyzed. We demonstrate that SRI measurements can be used for a careful characterization of the semiconductor MC. First the exciton-polariton broadening can be measured directly avoiding the well-known problem of inhomogeneous broadening due to the MC wedge. Second, a statistical analysis of the SRI points out the role of dielectric disorder in the Bragg mirror. Additional information on the nature of disorder is obtained from RRS. Very similar angular patterns of the RRS are observed at zero and very large detuning of the MC, denoting the minor role played by the QW interface roughness. Moreover the angular pattern of the RRS is dominated by two perpendicular stripes oriented along the ͓110͔ and ͓11 0͔ directions. We attribute this peculiar feature to misfit dislocations induced by the large thickness of the mismatched AlGaAs alloy in the Bragg mirrors.
II. EXPERIMENTAL DETAILS
We investigated two different MC's MC1 consists of a single 8-nm-thick In 0.06 Ga 0.93 AsQW embedded in a GaAs cavity with 20 ͑24͒ pairs of /4 AlAs/Al 0.1 Ga 0.9 As layers for the top ͑bottom͒ distributed Bragg reflector. MC2 has 14 ͑16.5͒ GaAs/AlAs mirrors with a GaAs spacer containing a single 8-nm In 0.04 Ga 0.96 As QW ͑CAT 13 No. 2͒. In both cases, the flux asymmetry of the epitaxial growth leads to a wedged MC structure. The experimental setup is the following. We use a tunable cw Ti-sapphire laser as an excitation source. For the SRI measurements the beam is collimated and expanded to a nearly 10-mm diameter, in order to have a uniform illumination of the MC surface under a normalincidence condition. For the standard reflectivity measurements the excitation beam is first expanded to an 18-mm diameter. An iris diaphragm is then inserted after the beam expander. It allows to modify the beam divergence and thus the excitation spot size in the range ϭ7 -130 m ͑after focusing by a f ϭ10-cm lens͒. The spot sizes have been determined after magnification on a charge-coupled device ͑CCD͒ camera with an overall resolution of 0.6 m. For the RRS experiments the laser beam was typically focused to a spot of about 30-m diameter with a f ϭ15-cm lens. Different external incidence angles, in the range of 0°-7°with respect to the normal, have been used. The sample is mounted in a cold finger cryostat with the gradient of the MC thickness along the horizontal axis. The light distribution in the SRI measurements is obtained by imaging with a CCD camera the MC surface under a magnification factor of 3, allowing an overall spatial resolution of the order of 4 m. The RRS angular pattern is obtained by imaging the MC emission on a white screen, 1 m away from the MC, and detecting the scattered field by a cooled CCD camera.
III. RESULTS AND DISCUSSION
The presence of a gradient in the cavity thickness is very clearly shown by the SRI of the reflecting surface after illuminating the MC with a large collimated beam. Typical images are reported in Fig. 1 for the MC1 sample at Tϭ11 K and different excitation wavelengths. In the following we will describe the resonance condition by using the difference ␦ϭE cav -E exc between the energies of the cavity mode E cav and the bare QW exciton mode E exc . A well-pronounced vertical dark line is observed across the whole sample. The dark line is obviously related to the presence of the MC wedge and it corresponds to the MC region in resonance with the excitation, thus yielding a very low reflectivity. Scanning , the laser wavelength, the line moves on the sample surface at a rate r(E)ϭdx/dE. In the photonic part of the polariton dispersion, the line moves at a constant rate r. We found rϭ0.11 mm/meV for MC1 and r ϭ0.086 mm/meV for MC2. The corresponding wedge angles ␣ are of the order of ␣Ϸ5 and ␣Ϸ7 rad, respectively. The width ⌬x of the dark line varies along the polariton dispersion and is by definition given by ⌬xϭr⌬E, where ⌬E is the polariton line width. In the region of small detuning between cavity mode and QW exciton the dark line broadens due to the fact that the dispersion is quite flat ͑r is large͒. The central image in Fig. 1 corresponds to the upper polariton around resonance (␦Ϸ0). The sharpest lines are observed on the lower polariton branch. See, for instance, the right panel in Fig. 1 (␦ϭϪ9 meV). In this case a Gaussian line-shape fit gives a full width at half maximum ͑FWHM͒ of ⌬xϭ12 Ϯ1 m ͑i.e., ⌬Eϭ110Ϯ10 eV͒. The analysis of the spatial position of the dark line as a function of the excitation wave length ͑not reported here͒ can be used for a standard characterization of the polariton anticrossing curve. We find a Rabi splitting ⍀ϭ3.5 meV for MC1 and ⍀ϭ3.3 meV for MC2 at resonance.
Let us discuss the link between the dark-line width ⌬x and the polariton diffraction length a D ϭ(/4n)ͱE/⌬E, which defines the minimum transverse length that can be associated to the polariton. 13 In the following we will use for the cavity refraction index the GaAs value nϭ3.65. Equivalently 1/a D defines the mode divergence or in turn the beam divergence for the optimal coupling. 13 This means that a cw laser beam focused to a diffraction limited spot smaller than a D will be angularly filtered by the MC. At the same time a white-light beam ͑or a pulsed laser beam͒ focused to a diffraction limited spot smaller than a D will excite different polariton modes along the dispersion curve. In a nearly perfect MC ͑i.e., with a very small wedge͒ ⌬x is much larger than a D . In a strongly wedged MC, instead, ⌬x can become very small and apparently one could reach the condition ⌬xϽa D , which is in contradiction with the definition of a D . In fact the presence of the wedge induces modifications in the angular dependence of the MC reflectivity. When the MC gradient is considerable we have two polariton diffraction lengths: one in the direction perpendicular to the gradient equal to a D , and the other in the direction of the gradient, given by ⌬x.
We can use the transverse profile of the dark line, after a scaling of the spatial coordinates by the factor 1/r, in order to investigate the reflectivity line width ⌬E(⌬Eϭ⌬/r). It is interesting to compare this SRI method with standard FF reflectivity measurements, done by scanning the excitation energy. FF reflectivity measurements have been performed varying the excitation spot size in the range FIG. 1 . SRI of the MC1 surface after illumination with a large collimated beam at different excitation wavelengths at Tϭ11 K.
The corresponding detunings are ␦ϭϩ1.4 ͑841͒, ␦ϭ0 ͑842.3͒, and ␦ϭϪ9 meV ͑847 nm͒, respectively. ϭ7-130 m by means of an iris diaphragm, i.e., by varying the excitation beam divergence. Here we define as the full width at half maximum of the laser-beam intensity. The measured spectral widths as a function of the spot size are reported in Fig. 2 for the MC1 sample at ␦ϭϪ9 meV. The spectral width clearly exhibits a minimum for spot sizes for Ϸ20-30 m. In the inset, we report the comparison between the reflectivity resonance obtained from the dark-line profile and from FF reflectivity spectra for a ϭ30 m excitation spot size. With the SRI method (⌬Eϭ⌬x/r) we estimate a polariton broadening ⌬Eϭ0.11 meV, to be compared with the line width of ⌬Eϭ0.25 meV obtained in the far-field measurement. This large difference and the dependence of the FWHM on the spot size are a consequence of the MC wedge and cavity polariton dispersion. In the case of a laser spot larger than or comparable to the width of the dark line, the MC wedge gives rise to an effective inhomogeneous broadening ⌬E spot in the FF measurement given by
At the same time, if the laser spot is smaller than the dark line an additional broadening of the reflectivity linewidth is expected. Due to its large-angular divergence, the laser beam would then excite different states along the polariton dispersion curve. This leads to an inhomogeneous broadening ⌬E div in the FF reflectivity measurements. ⌬E div can be estimated considering the angular dispersion of a standard Fabry Perot at normal incidence. More elaborate calculations done with the transfer-matrix method 14 and taking into account the complex structure of the MC sample lead to the same result:
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The total spectral broadening of the polariton line can finally be estimated by a statistical average,
where ⌬E pol is the intrinsic polariton broadening. Calculations are performed assuming rϭ0.11 mm/meV and ⌬E pol ϭ0.11 meV as obtained from the SRI method. Calculation results obtained from Eqs. ͑1͒-͑3͒ correspond to the solid line in Fig. 2 . For small spot sizes the effect of the excitation beam divergence is well reproduced assuming that, in our experiment, the beam divergence is in fact controlled by the iris diaphragm and ϭd/2 f , where d is the iris diameter and f the focal length. For spot sizes larger than 20m the spectral broadening is dominated by the wedge-induced inhomogeneous broadening and a linear dependence is obtained. On the contrary, for small spot sizes the divergence of the excitation beam is predominant. Therefore, in standard reflectivity measurements, the presence of a cavity gradient gives rise to an unavoidable inhomogeneous broadening, variable with detuning, of the polariton line width. This would be negligible only for an excitation spot larger than the polariton diffraction length but smaller than ⌬x. This condition can be fulfilled only for small MC gradients. The inhomogeneous broadening due to the MC gradient can be taken into account when comparing the theory with the experiment, 5,11 but our imaging technique has the advantage of getting rid of it altogether. We conclude that the use of SRI allows a simpler and more accurate polariton line-width evaluation than standard FF reflection measurements.
The measured values of ⌬E exp ϭ0.11 meV in the case of ␦ϭϪ9 meV correspond to a very high finesse of the MC.
Nevertheless the experimental broadening is still larger than the theoretical linewidth associated with the polariton lifetime. In our case, from the estimated reflectivity of the Bragg mirrors, we found for the bare cavity ⌬E theo ϭ0.08 meV. The difference between the experimental and theoretical values very likely implies an additional polariton broadening due to the dielectric disorder in the Bragg reflector. In fact a careful inspection of the dark line shows fluctuating widths and irregularities on its borders, which indicate a spatial disorder inside the MC structure on a spatial scale of a few microns. This is clearly shown in Fig. 3͑a͒ where two transverse profiles of the dark line of MC2 are shown for the same excita- tion wavelength (␦ϭϪ10 meV). The width of the dark line can vary up to a factor of 3. In order to characterize this effect we have performed a statistical analysis of the position and width of the dark line along the MC surface. A typical histogram of the dark line's FWHM is reported in Fig. 3͑b͒ in the case of MC2 for ␦ϭϪ10 meV. Here the polariton is mainly photonlike and therefore it probes mainly the disorder in the Bragg mirrors. From the definition of ⌬xϭr⌬E, the fluctuations of ⌬x can be referred to the MC wedge fluctuations and/or to the fluctuations of the polariton broadening. In both cases they denote a relevant disorder mainly within the Bragg reflectors. Also note that the fluctuations of the dark line's FWHM give rise to an additional broadening of the MC optical response in the FF limit.
A peculiar effect is shown in Fig. 4 where SRI of MC2 is reported at different excitation wave lengths. While scanning the excitation wavelength, the dark line becomes strongly distorted to a curved profile around a peculiar point. Finally it splits in a line and a small circle around such a point. Since the dark line defines the MC region in resonance with the excitation wavelength we conclude that a large bulk defect is present, which modifies the macroscopic optical response of the MC system. In the photonlike part of the polariton branch we can define an effective MC thickness by Lϭ exc /n, where exc is the excitation wave length. Within this assumption we can describe this effect in terms of a macroscopic variation of L. The dark lines for different excitation wavelengths describe a contour plot of the cavity thickness. A horizontal cut of this contour plot is reported in Fig. 5 . We see that the defect corresponds to an island of 50-m diameter and a few monolayers in height. Therefore our optical method allows to measure fluctuations of only a few angstrom. Note also that the density of these defects is very low ͑2 cm Ϫ2 ͒. Finally, the presence of such an island does not destroy the optical quality of the MC as indicated by the sharpness of the dark line. Indeed around the island the MC seems a planar-convex MC, a quite interesting type of structure.
Let us conclude with an analysis of the angular pattern of the RRS from a MC, which gives further information on the origin of disorder. It is well known that RRS exists solely in the presence of disorder and can be used as a direct probe of it. In the case of a MC, the strong polariton dispersion transforms the energy-conservation condition into a strict angular selection of the RRS emission. Here, for image clarity, we report experimental data obtained with an incident angle of 7°. In order to avoid the irregular pattern of bright and dark spots corresponding to intensity fluctuation over the emission direction ͑speckles͒ we averaged over 100 images, recorded while moving the laser spot ͑30 m͒ perpendicularly to the MC gradient ͑i.e., along the dark line͒. Typical results for the angular pattern of the RRS under resonant excitation of the lower polariton branch of MC2, at zero detuning and very large detuning (␦ϭϪ25 meV), are reported in Fig. 6 . The arrows indicate the reflection and backscattering directions, respectively. Note the square shadow of the neutral density filter used for attenuating the reflection beam. At all wavelengths the angular pattern of the RRS is very similar in both MC's. It contains several interesting pieces of information and a detailed analysis will be presented elsewhere; here we will concentrate only on the major features related to the topics of this paper. The most striking feature is the presence of two very bright perpendicular lines, which are in the direction of the two crystallographic axes ͓110͔ and ͓11 0͔. The ring of RRS is also visible, even if it is much weaker than the two lines. This annular RRS emission is due to the fact that the elastically scattered light maintains the absolute value of the in-plane momentum k ʈ of the exciting photon. 3,4,8 -10 We find that the RRS ring is sharper and more pronounced out of the resonance condition. Finally an enhancement of the RRS intensity is observed in the backscattering direction.
The usual interpretation of the RRS in the semiconductor MC concerns the effects of the QW disorder on the excitonic component of the polariton. 3, 4 Therefore, it appears quite surprising that the RRS turns out to be similar at zero and very large detuning. Moreover the RRS intensity is even larger at large detuning on the photonlike mode. The ring in the RRS is also clearly observable for very large negative detunings and even at Tϭ100 K. We conclude that, at least for the investigated MC's, the major part of RRS from MC polartons arises from scattering of the photon component rather than the exciton component. Thus, the MC RRS cannot be described completely by the scattering via disorder of the exciton in the QW, as usually assumed in the models discussed so far in the literature. 3, 4 This clearly points out the relevance of elastic light scattering due to the disorder inside the Bragg reflector region. Finally the asymmetric scattering profile, with two bright lines along the crystallographic axes, indicates the presence of elongated defects due to the asymmetry of the epitaxial growth. When the lines cross the RRS ring, the external light scattering is enhanced due to the response of the angular cavity filter. According to Ref. 10 we can attribute this RRS along the ͓110͔ and ͓11 0͔ directions to the presence of interfacial misfit dislocations due to the lattice mismatch of the AlGaAs layers present in the Bragg mirrors.
IV. CONCLUSIONS
We have shown that the use of SRI of the MC can be used for a detailed MC characterization. The polariton broadening can be directly measured avoiding the well-known problem of inhomogeneous broadening due to the MC wedge. A statistical analysis of the spatial line shape of SRI shows the presence of static disorder associated with dielectric fluctuation in the Bragg reflectors. Investigation of the resonant Rayleigh scattering gives additional information on the effects of disorder. So far, the commonly accepted interpretation of the RRS from the MC concerns the elastic scattering of the exciton polariton induced by interface roughness in the QW layer. We instead observe very similar RRS angular patterns independent of the MC detuning. In addition, strong RRS is even observed at high temperature. It follows that, besides the RRS due to QW interface roughness, a large part of the RRS in the MC structures comes from the scattering of the photonic part of the polariton by static disorder in the Bragg mirrors. The angular pattern of the RRS suggests that interfacial misfit dislocations play a major role. We finally conclude that misfit dislocations in the Bragg mirrors significantly alter the cavity finesse and are very likely responsible for the observed polariton broadening in SRI of the coherent emission of the MC surface. 
